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This review summarises and evaluates the present knowledge on the behaviour, the biological effects and the
routes of uptake of silver nanoparticles (Ag NPs) to organisms, with considerations on the nanoparticle
physicochemistry in the ecotoxicity testing systems used. Different types of Ag NP syntheses, characterisation
techniques and predicted current and future concentrations in the environment are also outlined.
Rapid progress in this area has been made over the last few years, but there is still a critical lack of
understanding of the need for characterisation and synthesis in environmental and ecotoxicological studies.
Concentration and form of nanomaterials in the environment are difficult to quantify and methodological
progress is needed, although sophisticated exposure models show that predicted environmental concentra-
tions (PECs) for Ag NPs in different environmental compartments are at the range of ng L−1 to mg kg−1. The
ecotoxicological literature shows that concentrations of Ag NPs below the current and future PECs, as low as
just a few ng L−1, can affect prokaryotes, invertebrates and fish indicating a significant potential, though
poorly characterised, risk to the environment. Mechanisms of toxicity are still poorly understood although it
seems clear that in some cases nanoscale specific properties may cause biouptake and toxicity over and above
that caused by the dissolved Ag ion.
This review concludes with a set of recommendations for the advancement of understanding of the role of
nanoscale silver in environmental and ecotoxicological research.
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1. Introduction

Nanotechnology manipulates matter at the nanoscale (1–100 nm)
(Moore, 2006; Nel et al., 2006) producing nanoproducts and
nanomaterials (NMs) that can have novel and size-related physico-
chemical properties differing significantly from those from larger
particles. The novel properties of NMs have been exploited widely for
use in medicine (Barnett et al., 2007; Dong and Feng, 2007; Salata,
2004), cosmetics (Lens, 2009; Müller et al., 2002), renewable energies
(Pavasupree et al., 2006;Wei et al., 2008), environmental remediation
(Tungittiplakorn et al., 2004; Zhang, 2003), and electronic devices
(Kachynski et al., 2008).

There aremany consumer products and applications utilising Ag NPs.
The Woodrow Wilson Database (http://www.nanotechproject.org),
although not exhaustive, has listed 1015 consumer products presently
on themarket incorporatingNPs,with 259 containingAgNPs (May2010,
Table 1), exploiting their strongly bactericidal action andmaking Ag NPs
the largest and fastest growing class of NMs in product applications.

Ag NPs have distinctive physico-chemical properties, including a
high electrical and thermal conductivity, surface-enhanced Raman
scattering, chemical stability, catalytic activity and non-linear optical
behaviour (Capek, 2004; Frattini et al., 2005). These properties make
them of potential value in inks (Perelaer et al., 2009; Tay and
Edirisinghe, 2002), microelectronics (Wu et al., 2006), and medical
imaging (Jain et al., 2008). However, it is the exceptional broad
spectrum bacteriocidal activity of silver (Luoma, 2008; Ratte, 1999;
Silver, 2003; Silver et al., 2005) and relatively low cost of
manufacturing of Ag NPs (Capek, 2004), that has made them
extremely popular in a diverse range of consumermaterials, including
plastics, soaps, pastes, metals and textiles (Frattini et al., 2005)
increasing their market value.

Prior to the development and use of Ag NPs in goods, the majority
of silver occurring in surface waters originated from natural leaching,
mining and the photographic industry (Purcell and Peters, 1998),
with measured concentrations in natural and contaminated waters in
the ng L−1 range (Sanudo-Willhelmy and Flegal, 1992). Concentra-
tions of silver in at least some surface waters have decreased since
peak levels in the 1970s due to the decline in the use of Ag in the
photographic industry and more stringent environmental regulations
(Luoma, 2008; Purcell and Peters, 1998). In the 1970s it was estimated
that ca. 2.5 million kg of Ag were discharged into the environment in
the United States alone.

Silver is considered relatively harmless to humans. Indeed, silver's
bactericidal properties have been exploited by certain groups
commercialising colloidal silver suspensions as ‘health supplements’.
However, the beneficial effects on health are not proven, and high
exposures to silver compounds can cause argyria, an irreversible
condition in which the deposition of Ag in the body tissue results in
the skin turning bluish in colour (Hill, 1941; Rosenman et al., 1979). In
addition, there is a potential impact on gut microflora affecting the
population size of certain types of bacteria (Sawosz et al., 2007).
Dissolved silver ions in the environment, however, are persistent and
highly toxic to prokaryotes and many freshwater and marine
invertebrates and fish (Bianchini et al., 2002; Erickson et al., 1998;
Table 1
Major products in the market containing Ag NPs (from Woodrow Wilson Database,
March 2010).

Nano-Ag containing products Percentage

Creams and cosmetics items 32.4
Health supplements 4.1
Textiles and clothing 18.0
Air and water filters 12.3
Household items 16.4
Detergents 8.2
Others 8.6
Fisher and Wang, 1998; Hogstrand and Wood, 1998). Silver ions have
a great propensity to bioconcentrate in organisms, since the chemical
properties of the Ag ions make them compatible for uptake via cell
membrane ion transporters, similar to those regulating Na+ and Cu+

ion transport into cells (Luoma, 2008). For this reason, silver is listed
in the 1977 US EPA priority pollutant list and in the EEC 1976
Dangerous Substance Directive List II (76/464/EEC), and this has led to
the regulation of silver discharges.

Currently, there is no evidence to suggest that humans are being
adversely affected by Ag NPs through their use in consumer products,
but Ag NP-containing products are likely to result in dissolved silver
and Ag NP releases into the environment (Benn andWesterhoff, 2008;
Geranio et al., 2009; Gottschalk et al., 2009; WoodrowWilson, 2009),
which are likely to persist and bioaccumulate.

The environmental impacts of Ag NPs are, as yet, unknown.
However, previous knowledge on the environmental and physiolog-
ical implications of exposure to dissolved silver ions and silver salts in
freshwater and seawater organisms provides a baseline for assess-
ment and a reason for concern; from this baseline the potential effects
and impacts of Ag NPs to organisms and to ecosystems can be
developed. Prior to the interest in NPs, the silver ion (Ag+(aq)) was
considered the most toxic form of silver in water (Ratte, 1999). As
with all metals, the chemistry of the surrounding environment affects
association of silver ions with various ligands, in turn influencing
bioavailability and toxicity (Adams and Kramer, 1998; Erickson et al.,
1998; Luoma et al., 1995). For instance, in freshwater systems organic
matter and sulfide, with a high silver affinity, probably dominate Ag
speciation and reduce silver bioavailability. In seawater systems the
silver chloro complex is highly bioavailable and it is the primary form
in waters of salinity greater than about 3 (Luoma, 2008; Luoma et al.,
1995). The uptake rates of the chloro complexes by fish are not as
rapid as with the free Ag ion, but concentrations of chloro complexes
are much higher than free Ag ion concentrations in most aquatic
systems. Thus marine organisms are more likely to bioaccumulate Ag
than freshwater organisms (Luoma, 2008), under equivalently
contaminated conditions.

Due to the complexity of silver metal speciation in waters of
different chemistry, and thus the difficulty of empirically testing all
scenarios, biological modelling approaches were developed, including
the Free Ion Activity Model (FIAM) and the Biotic Ligand Model
(BLM), for potentially predicting acute metal toxicity to aquatic
vertebrates and invertebrates (Bianchini and Wood, 2008; De
Schamphelaere and Janssen, 2004; Ward and Kramer, 2002). Both,
the FIAM and BLM are equilibrium-based chemical models, and as
such contain assumptions which may not always be justified in real
situations (Slaveykova and Wilkinson, 2005). Despite limitations, the
BLM is now used as a regulatory tool in the US, replacing empirical
measures of the effects of water chemistry on toxicity of dissolved
metals. There is a potential for application of these models to NPs but
this will require further experimental and modelling development.
For instance it is not yet clear how fundamental assumptions in the
FIAM and BLM apply to NP's, like the dominance of free ion activities
in determining bioavailability as well as the assumption that aqueous
phase chemistry is at equilibrium and that uptake and flux across the
membrane is rate limiting.

The purpose of this review is to critically evaluate the existing
knowledge on Ag NPs as a potential problem for environmental health,
taking into consideration the characteristics, behaviour, bioavailability
and biological effects of Ag NPs in aqueous suspensions. From the
current information on Ag NPs and their role in the environment, we
then identify and prioritise key current knowledge gaps.

2. Ag NP synthesis and characterisation

One of the main bottlenecks for more fundamental understanding
of the hazards and risks of all NPs, including Ag NPs, is the lack of well

http://www.nanotechproject.org
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controlled and tightly constrained batches of NPs. In suchwell defined
NP batches, material properties such as size, surface chemistry,
crystallinity, and dissolution can be controlled and used as experi-
mental variables, or monitored and characterised (see next section).
Most data produced to date in environmental and ecotoxicological
studies (Handy et al., 2008; Klaine et al., 2008; Nel et al., 2009) employ
NPs which are not constrained in this way, making data interpretation
and generalizations difficult. Such poorly constrained NPs have a
different, but still important, role as they are relevant to the NPs
currently produced and used in consumer goods. For instance, the
OECD programme on nanomaterials safety assessment aims to
produce a panel of 14 such test materials (including Ag NPs). These
two strands of research using fundamentally different NP types are
both required to improve our knowledge of environmental hazards
and risks to NPs.

2.1. Synthesis of silver nanoparticles

There are several physical and chemical methods used for the
manufacturing of NPs which aim to give reproducible batches of
stable suspensions, with NPs of a homogeneous shape, narrow size
distribution and other properties (Yu, 2007). Such materials can then
be used as reference materials in detailed studies, which might form
the basis of, for instance, quantitative structure–activity relationship
(QSAR)models; QSARs could prove to be highly valuable, especially as
regulatory tools. Nevertheless, such manufacture is not easy and the
control required for adequate hazard and fate studies is different to,
and frequently exceeds that required for material and technological
applications.

The colloidal chemical reduction of silver salts is a frequently used
method of manufacturing Ag NPs and is our method of choice for
environmentally related studies for the reasons given later. The
chemical reduction of Ag salts works by reducing Ag ions with
borohydride, citrate, ascorbate or other reductant, forming silver
atoms (Ag0), which then agglomerate into oligomeric clusters that
become colloidal Ag NPs (Kapoor et al., 1994; Sharma et al., 2009).
Size, morphology, stability and properties of NPs are influenced
considerably by experimental conditions such as the kinetics of
interaction with the reducing agent and absorption of stabilising
agents onto the NP (Sharma et al., 2009). A particle stabiliser, or
capping agent, is often present in the suspension during synthesis
which helps reduce particle growth, aggregation and controls shape
allowing further manipulation and functionalisation of the NP surface.
Traditional aqueous colloidal synthesis of Ag NPs via citrate and
borohydride reduction of Ag(I) salts (Callegari et al., 2003), or more
recently PVP or PEG reduction and stabilisation (Huang et al., 1996;
Luo et al., 2005), has several advantages. In colloidal aqueous
synthesis, particles are always kept in suspension, reducing aggrega-
tion, and contain few additives, simplifying toxicological interpreta-
tion. Synthesis in organic solvents (Pastoriza-Santos and Liz-Marzan,
2002) often gives better control of synthesis but may leave
contaminantsmaking interpretation of hazard datamore problematic.
High temperature or top down manufacturing methods typically
result in powders, but provide less control on relevant toxicologically
important parameters, such as particle size and shape.

During Ag NP synthesis, size and aggregation are controlled by
stabilisation which is performed by steric, electrostatic or electro-
steric repulsion, which are reviewed in detail in Christian (2009). In
the case of charge based stabilisation of NPs, charge based repulsion
overcomes the attractive short range van der Waals forces which
cause aggregation. Indeed, dispersion depends on the solution ionic
strength and other solution conditions, and can be predicted by
existing theory (Baalousha, 2009; Handy et al., 2008). Steric
stabilisation is far more poorly understood, with no overarching
quantitative theory applicable and dispersion is less dependent on
external solution conditions. The synthesis method strongly affects
the behaviour of NPs, and the nature of the stabilisation and strength
of binding between organic capping agents and core material are
likely to be key parameters in determining toxicity. Toxicology media
may contain high salt concentrations and often other materials such
as proteins which affect particle behaviour. Environmental media,
similarly, may vary in ionic strength and pH, as well as concentrations
of natural organic macromolecules (NOM). Steric stabilisation, has a
potentially large role in applications of nanoscience, e.g. in nanome-
dicine (Boyer et al., 2010), and as such these types of NPs are likely to
be a focus of research and development, possibly leading to increased
environmental transport. However, such exposure is likely to be
relatively limited at present.

In recent years, and in order to avoid the use of potential toxic
capping agents that could also modify the nature of the metal NP,
more environmentally friendly biosynthetic processes i.e. green
synthesis of Ag NPs, have been investigated (Bar et al., 2009;
Vigneshwaran et al., 2007), in which nucleation and growth are
mostly controlled by proteins and macromolecules that also help
prevent aggregation. Indeed, Ag NPs can be synthesised by fungi such
as Phoma glomerata (Birla et al., 2009), Fusarium acuminatum (Ingle et
al., 2008), Aspergillus flavus (Vigneshwaran et al., 2007), or Fusarium
oxysporum (Ahmad et al., 2003; Duran et al., 2005) by reducing metal
salts extracellularly and generating long term stable Ag NPs in water.

Fundamental for advancing our knowledge on Ag NP toxicity in the
aquatic environment is an understanding of the physico-chemical
properties of NPs employed in products, in toxicological exposure
media and found in the environment. Thus, the provision of well
characterised Ag NPs for controlled (eco-) toxicity testing and
environmental studies is essential for developing a standardised
approach for assessing NP fate, behaviour and biological effects, and
thus hazard assessment, as discussed later.

2.2. Characterisation of silver nanoparticles

To date, most studies on Ag NPs have used commercially available
materials with limited characterisation on the stock suspensions,
sometimes with unidentified capping agents, with little knowledge of
potential impurities or stability. Information on relevant character-
istics such as size distribution, aggregation (kinetics, mechanisms,
aggregate structure and sizes), surface properties (charge, chemistry,
specific area, etc), morphology (shape, crystal structure and purity),
dissolution rate and solubility is necessary over relevant exposure
periods.

Characterisation is critical to accurately determining dose
(Oberdorster et al., 2005), defined as ‘the amount of a particular
agent that reaches a target organisms, a system or (sub-) population
in a specific frequency for a defined duration’ (Leeuwen et al.,
2007). Mass is the critical measure of dose in traditional toxicology,
but for NPs the number of particles or the total surface area of all
particles could be important. These different expressions of dose
cannot be determined on uncharacterised particles. In addition,
comparison between studies and generalizations that allow further
use of data are difficult without understanding the characteristics of
the Ag NPs. Furthermore, for detailed (eco-) toxicological studies,
correct comparison of silver metal in different forms (dissolved,
nanoparticle, ‘bulk’ particles) is crucial for defining a nanoparticle's
mode of action and understanding hazard issues. Dissolved silver
speciation and bulk particle characteristics also need quantification.

The need for characterisation in all media is demonstrated, for
example, by extensive change in aggregation state caused by addition
of biological media with changes potentially caused by pH, ionic
strength, specific counter-ions (Ca and Mg), polysaccharides and
proteins (Bradford et al., 2009; Fabrega et al., 2009a; Jiang et al., 2009;
Sondi and Salopek-Sondi, 2004). Indeed, in high ionic strength
suspensions, charge stabilised Ag NPs tend to precipitate and
sediment within a few hours of exposure, and accumulate in the
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uppermost sediment layer in aquatic systems (Bradford et al., 2009).
Laboratory studies have shown that less of 5% of the originally added
mass of NPs may be retained in the water column and available to
pelagic species (Griffitt et al., 2009). In such systems, changes occur in
exposure route, dose (loss of material) and nature of the toxicant
(dispersed to aggregated form). As an example, Ag NP behaviour has
been monitored during laboratory exposures to planktonic and
surface associated bacteria, with significant changes in aggregation,
surface chemistry, toxicity and bioaccumulation over relevant conditions
of pH and presence of NOM (Fabrega et al., 2009a,b). Interactions
between NPs and NOM or biological macromolecules e.g. proteins, are
known and strongly affect the NP surface chemistry (Cedervall et al.,
2007; Lundqvist et al., 2008) andbioaccumulation (Fabrega et al., 2009b).

Given the previously mentioned complexities, physical and
chemical characterisation of NPs in suspensions is a difficult task,
although there are a variety of analytical and metrological techniques
available (Hassellov et al., 2008; Tiede et al., 2009; Wigginton et al.,
2007) (Table 2), which can in principle measure all relevant
parameters. Nevertheless, the time and resource requirements for
characterisation are usually under-appreciated and there is a lack of
co-located or collaborative expertise in both environmental/ecotox-
icological and metrology/analysis (Alvarez et al., 2009) meaning that
logistical challenges are not insignificant. A further limitation on
characterisation is that most relevantmethods work optimally or only
in ultra high vacuum (UHV) or on simple, monodisperse systems. As
such, a multi-method approach is recommended (Domingos et al.,
2009), which should be as exhaustive as possible; i.e. drawing upon a
wide range of methodologies to define the important parameters for
NPs, such as size, shape, aggregate state, solubility, and binding
capacities to macromolecules and other organic material. NP
properties should ideally be quantified over exposure periods in
ecotoxicology experiments, in order to establish the causes and mode
of toxicity of the NPs, and over relevant time periods for environ-
mental chemistry and transport studies.
Table 2
Methods for analysis and classification of NMs (modified from Hassellov et al., 2008 and Wi
fractionation, Flow-FFF: flow field-flow fractionation, EM: electron microscopy, AFM: atom
inductively couple plasma optical emission spectrometry, AAS: atomic absorbance spe
spectroscopy, DLS: dynamic light scattering, XRD: X ray diffraction.

Instrument and
method

Parameter
measured

Limitations

Separation CFUF Size Concentrated sam
Low sample resol

Sed-FFF Buoyant mass Only applicable t
pre-concentration

Flow-FFF Diffusion coefficient Generally require
NP-membrane in

Centrifugation Sed. coefficient Low size resolutio
Ultrafiltration Size Binding with UF m

Poor size resoluti
Microscopy EM Size, shape and aggregation Artifacts due to s

AFM Size, shape and aggregation Poor lateral accur
Spectroscopy ICP-MS,

ICP-OES, AAS
Total elemental composition in bulk Limited NP inform

EDX Semi-quantitative elemental
composition for single particles

Semi-quantitative

EELS Elemental and chemical information Time consuming
FCS Diffusion coefficient and

chemical kinetics
Fluorescent mate

Others DLS Hydrodynamic diameter Size biased towar

BET Specific surface area/porosity Artifacts due to s

Capillary
electrophoresis

Electrophoretic mobility High concentratio

XRD Crystal structure and
crystallite size

Powdered sample
3. Release of silver nanoparticles into the environment

Worldwide, the present production of Ag NP is estimated at about
500 t/a (Mueller and Nowack, 2008), and a steady increase on the
volumemanufactured is predicted for the next few years (Boxall et al.,
2008 ). Ag NPs may be discharged to the environment by several
routes, including during synthesis, during manufacturing and incor-
poration of the NPs into goods, during the use phase of the good
containing NPs, and while recycling or disposal of goods and Ag NPs
(Köhler et al., 2008). In 2008, a study analysing the risk from the
release of Ag NPs to freshwater ecosystems predicted that by 2010,
15% of the total silver released into water in the European Union
would come from biocidal plastics and textiles (Blaser et al., 2008).
Once in the waste stream, the majority (by mass) of discharged Ag
NPs may partition into sewage sludge, if advanced waste treatments
are available (Blaser et al., 2008). In countries such as the UK and USA,
a large proportion of the annually produced sewage sludge is used as a
fertiliser in agricultural soil (Nicholson et al., 2003), although other
countries incinerate such waste (Gottschalk et al., 2009). The exact
disposal route will strongly affect the amount of Ag NPs that each
environmental compartment receives.

Despite the modelling studies, there are few experimental data
reporting partitioning between and within environmental compart-
ments by NP mass and none by particle number, or even how
partitioning might differ between discharges that are primarily Ag NP
vs. Ag itself. However, there are data showing that manufactured
nanomaterials used in consumer goods will accumulate in surface
waters (Benn and Westerhoff, 2008; Kaegi et al., 2008) (Table 3).
Modelled and experimental data (Geranio et al., 2009; Gottschalk et al.,
2009; Luoma, 2008; Mueller and Nowack, 2008) suggest that ng L−1

may be present in surface waters and exponential increases are
predicted due to the increase usage and consequently discharge levels.
However, the lack of experimental validationmeans that thesenumbers
should be treated with considerable caution.
gginton et al, 2007). CFUC: cross-flow ultrafiltration, Sed-FFF: sedimentation field-flow
ic force microscopy, ICP-MS: inductively coupled plasma mass spectrometry, ICP-OES:
ctrometry, EDX: energy-dispersive X-ray spectroscopy, EELS: electron energy-loss

Advantages

ples (b5–10 times).
ution

Low sample perturbation

o particlesN50 nm. Generally requires a
step. NP-membrane interactions

Good recovery of sample.
Non-destructive. High size resolution

s a pre-concentration step.
teractions

Wide size range separation. Fast, non-
destructive. High size resolution

n Low sample perturbation.
embrane, aggregation.

on
Low sample perturbation. Quick and little
sample preparation

ample preparation High resolution. 3D images
acy High resolution
ation Multiple metal analyses. Possibility for

hyphenation
information Accurate and fast. Single particle elemental

information
Single particle chemical information

rial only Non perturbing, sensitive,
spatially resolved

ds large particles Fast. Gives an indication of the
aggregation state

ample preparation High precision. Direct measure of
surface area

n required Direct data on charge

s. Artifacts due to sample preparation Detailed crystallographic information



Table 3
Predicted environmental concentrations (PECs) shown as mode (most frequent value)
and risk quotients (PEC/PNEC, where PNEC is predicted no effect concentration) for
Europe and the US for different environmental compartments (base year 2008,
modified from Gottschalk et al., 2009).

Europe U.S.

Concentration
(mode value)

Risk
quotient (RQ)

Concentration
(mode value)

Risk
quotient (RQ)

Soil 22.7 8.3
Sludge
treated soil

1581 662

Surface
water

0.7 1.1 0.1 0.2

STP effluent 42.5 61.1 21.0 30.1
STP sludge 1.7 1.6
Sediment 952 195
Air 0.008 b0.0005 0.002 b0.0005
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Modelling approaches provide starting points for predicting if the life
cycle of Ag NP-containing products and how release and accumulation of
Ag compounds in the environment may occur and at what concentra-
tions. Suggested contributions of Ag NPs to the environment from a
varietyof consumergoods are illustrated in Fig. 1 (Gottschalk et al., 2009).
The use of probabilistic methods for determining PECs in Europe and in
the US, based on the life cycle perspective of products containing NMs,
shows current predicted environmental concentrations in Europe with
lower and upper quartiles (Q0.15 and Q0.85) of 0.5−2 ng L−1 in surface
waters, 32–111 ng L−1 in sewage treatment plant effluents, and
1.3–4.4 mg kg−1 in sewage sludge (Gottschalk et al., 2009), with
predicted exponential yearly increase of Ag NP in most environmental
compartments (Gottschalk et al., 2009; Mueller and Nowack, 2008)
(Table 3). Again, there is a lack of data to validate suchmodel predictions.
Fig. 1. Diagram of simulation results (mode valuesN0.0005 t/a) of Ag NPs for the United State
thickness of the horizontal line within the compartments and the proportional magnitude
It remains extremely difficult to estimate the current production,
release and flow coefficients of Ag NPs into the environment (Mueller
and Nowack, 2008), since there is no full inventory of NM-containing
products, nomonitoring and little information on transport. However,
if the use of silver nanotechnologies becomeswidespread, it is feasible
that silver concentrations in nature could increase locally and
regionally to mass concentrations which could equal or exceed peak
levels of dissolved silver observed in contaminated waters historically
(Luoma, 2008), which would exacerbate concerns about ecological
risks (Luoma and Rainbow, 2008).

A major bottleneck in environmental exposure modelling of Ag
NPs is the lack of analytical and in situ techniques and instruments,
that can detect, quantify and characterise Ag NPs (or indeed any NP)
in complex environmental or biological media at ambient levels. A
multi-method approach, combining sophisticated methods such as
hyphenated FlFFF-ICPMS (flow field-flow fraction and inductively
coupled plasma spectrometry) (Hassellov et al., 2008) and electron
microscopy (Kaegi et al., 2008) is potentially the most promising
approach to determine the presence of nanoparticulate metals in
natural aqueous samples. Another challenge is that any useful
methodology must be able to detect Ag NPs at the very low
concentrations mentioned earlier.

4. Uptake and effects of Ag NPs

4.1. Bioaccumulation of silver nanoparticles in aquatic organisms

Bioaccumulation is an important process to understand when
evaluating hazard and risks from Ag NPs. Risk assessment requires
consideration of both exposure and effects because exposure and
subsequent bioaccumulation of a xenobiotic is usually a precursor to
toxicity (i.e. the chemical must be retained by the organism before it
s in t/year. The thickness of the arrows indicates the proportions of the Ag NP flows, the
of the removal or accumulation. From Gottschalk et al., 2009.
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can cause toxicity; Luoma and Rainbow, 2008). Nanoparticles
containing Ag are unlikely to be an exception to this generalization.
Bioaccumulation is also a direct way to evaluate the processes that
influence bioavailability, where bioavailability is defined as the
pollutant concentration that an organism takes up from environmen-
tal media, summed across all possible pathways of uptake, including
water and food (Luoma and Rainbow, 2005). The long history of
studying effects of xenobiotics teaches us that understanding and
regulating environmental exposures to potential toxicants requires
consideration of bioavailability.

4.1.1. Mechanisms of bioaccumulation
Themost basic question about bioaccumulation andbioavailability is

whether the nanoparticle can either penetrate into the organism or be
retained at the external surfaces where it can cause damage. Some life
forms (plants, bacteria, and fungi) are surrounded by cell walls which
are semipermeable. Small molecules can pass through the cell wall but
larger molecules cannot. In the absence of specific cell wall damage
caused by theNPs, AgNP andAgNPaggregates that are smaller than the
largest pore will pass through the cell wall and reach the plasma
membrane. Semi-permeablemembranes also protect some life forms of
higher animals; for example the chorion that surrounds embryos of
vertebrates. Lee et al. (2007) used TEM images to show citrate capped
Ag NPs passing through the pores of the chorion in zebrafish embryos.
Uptake by bacteria has also been shown by TEM demonstrating the
feasibility of Ag NP penetration through living semi-permeable
membranes (Fabrega et al., 2009b; Xu et al., 2004).

The cells of all living organisms are surrounded by a lipid plasma
membrane enclosing the cytoplasm that contains the cell machinery
(the plasma membrane lies inside the cell wall in organisms that
possess the latter). The plasma membrane is actually a complex
system that limits the entry of many materials into the cells but has
structures and mechanisms, such as pores and protein carriers that
promote translocation of other materials into and/or across the
membrane. One process likely to translocate intact nanoparticles is
endocytosis (Moore, 2006), wherein uptake of molecules or particles
between 1 and 100 nm in size occurs by the invagination of the
plasma membrane, the formation of vesicles that enclose the material
and the transport of the vesicle into cell. Moore (2006) showed that
polystyrene NPs could be taken up by endocytosis in marine mussels
(Mytilus edulis), demonstrating the feasibility of uptake via this route.
The potential rate of uptake via endocytosis is not known, compared
to other routes of translocation across the membrane. If endocytosis
dominates Ag NP uptake, models that rely on the assumption that free
ion uptake dominates metal bioavailability (like the FIAM and BLM
described earlier) will be irrelevant to NPs in their current state. A
second possibility is the association of the Ag NP with the surface of
the membrane and the release of free metal ions within the surface
layers. If Ag NPs represent packets of Ag0 solids, Ag+, and adsorbed Ag
(Liu and Hurt, 2010) then dissolution of that packet within the
superficial microlayer of the membrane could create nano-environ-
ments of very high Ag+ concentration, conducive for rapid uptake of
the ion. It could be argued that such a situation is unprecedented in
the evolutionary exposure of organisms to trace metals and would
also create a circumstance that is outside the predictive powers of the
models that describe dissolved trace metal bioavailability. In such a
case, the hazard may indeed be from the metal ion, but the
nanoparticle creates novel circumstances for delivery to the cell that
enhances ionic uptake. To date, none of these potential mechanisms
has been demonstrated, unequivocally, for Ag NPs, partly because of
the technical challenges of both imaging and quantifying Ag NPs at or
within the membrane of an organism. For example, Lee et al. (2007)
could image uptake through the pores of the zebrafish chorion but
could not find visual evidence of Ag NPs crossing the plasma
membrane into zebrafish embryos, even though the Ag NPs did
appear to be present within the developing organs of the embryo.
4.1.2. What processes influence uptake rates and bioaccumulation of
NPs?

In the broadest of terms the most important influences in
determining the degree of bioaccumulation (and ultimately toxicity)
of Ag NPs are probably similar to the influences important for
chemicals like metal contaminants. Bioaccumulation by an organism
will be determined by the balance between the rate of uptake,
summed across sources, and the rate of loss and dilution by growth
(Sharpe andMackay, 2000; Veltman et al., 2008). Themost dangerous
chemicals are often those that are taken up rapidly from some source
and then retained within cells. Uptake rate from any source will vary
as a function of bioavailable concentration and the resultant
bioaccumulation will be influenced by both the rate and the time of
exposure (Luoma, 1983; Wang and Fisher, 1999).

The processes that govern bioavailability, and thus bioaccumula-
tion of Ag NP in any given circumstance are likely to be the result of
the combined influences of Luoma and Rainbow (2005):

1) concentration of the Ag NP,
2) the nature of the nanoparticle,
3) the nature of the environment,
4) the route of exposure, and
5) the biology and functional ecology of the organism involved.

Luoma and Rainbow (2005) showed that models are necessary to
incorporate the inter-connections among these influences for trace
metal contaminants, and demonstrated the suitability of biodynamic
modelling for those purposes. The fundamental requirements for such
a model include experiments that determine uptake rate as a function
of concentration in water and as a function of concentration in food as
well as rate constants of loss. From these parameters bioaccumulation
can be predicted for a) the species under study, b) the contaminant of
interest (e.g. a specific formulation of a silver nanoparticle) and c) the
environmental conditions of the study.

It can be argued that the limited number of ecotoxicity studies with
Ag NPs have been carried out at concentrations that are much higher
thanwould ever be expected in the environment (Navarro et al., 2008a),
and over time periods much shorter than would be typical in an
environmental situation. At least withmetals, and likely withmetal NPs
like Ag NP, characterisation of species- and circumstance-specific rates
of uptake and loss allow amethodology to overcome such compromises
(e.g. Croteau et al., 2010), especially in addressing fundamental
questions associated with bioavailability. The biodynamic approach
also allows systematic quantification of the influence of the different
processes that affect bioaccumulation of NPs. For example, a number of
papers have shown that bioaccumulation ofmetals fromwater and food
can be quantitatively compared at environmentally realistic concentra-
tions (Luoma and Fisher, 1997; Wang et al., 1996). Study of
bioaccumulation resulting feeding on nanoparticles is just beginning
(Croteau et al., 2010; Dybowska et al., 2011); but the basic metal
methodologies were shown to be useful.

4.1.2.1. Characteristics of the nanoparticle. As noted earlier, the
bioavailability and bioaccumulation of Ag NPs by all organisms are
likely to be dependent on the size, shape, chemical composition,
charge, surface structure and area, solubility, and aggregation state of
the particle or material (Navarro et al., 2008a). Some of these
properties may change in different media. Ag NPs used in commercial
products are likely to be coated with organic compounds to promote
their dispersion, including citrate, cysteine, polyethylene glycol or
starch. These functional groups (or capping agents) could themselves
influence membrane translocation (e.g. metal citrates are taken up
across membranes (Campbell, 1995)) or influence properties of the
nanoparticle that influence bioavailability. Systematic, quantitative
comparisons of the influence of different particle characteristics on Ag
NP bioavailability, as defined by uptake or loss rate constants, are not
yet available for any type of living organism. But the usefulness of the
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biodynamic approach in addressing such questions has been
demonstrated for other nanoparticles, addressing questions for a
species of interest such as what are the differences in uptake rates of
ionic and nanoparticulate metal under similar environmental condi-
tions (Croteau et al., 2010). Differences in uptake rates have also been
addressed under different water chemistry regimes (e.g. Navarro et
al., 2008a). Logical next steps include addressing questions such as
what are the differences in uptake rates from different sized Ag NPs or
Ag NPs capped with different agents (again, holding environmental
conditions constant). What is the effect of adding NOM on the rate
constant or systematically changing other environmental conditions?
How do rate constants in any one of these conditions differ among
species or types of organisms? By systematically addressing a series of
such questions a unified quantitative vision of the interconnections
among these considerations could be developed. This will take a
substantial body of work, of course; but the protocols are known and
the experiments are relatively short. The benefits of addressing
bioavailability in a systematic way are justified by the successes and
failures with studying other contaminants (e.g. Wang et al., 1996;
Luoma and Rainbow, 2005; Luoma and Rainbow, 2008).

4.1.2.2. Influence of environmental conditions. Navarro et al. (2008a)
also emphasized the importance of understanding the chemical
nature of the exposure medium in determining Ag NP bioavailability.
As noted earlier, pH, ionic strength and composition, NOM, temper-
ature, and nanoparticle concentration all interact to affect aggregation
or stabilisation of Ag NPs. Solubility determines the proportional
exposure of organisms to Ag0, Ag+ or complexed Ag. For example,
thermodynamics would generally indicate that NPs of Ag0 are not
equilibrium species and will not persist in aquatic environments
containing dissolved oxygen (Liu and Hurt, 2010), althoughwe do not
have relevant data on kinetic of loss but these kinetics of dissolution at
near neutral pH are likely to be slow. It takes at least 6 days and
perhaps as long as several months for complete dissolution of a 5 nm
Ag NP, in oxidised conditions (Liu and Hurt, 2010). Where inputs are
continuous and hydrodynamic processes like advection, deposition
and resuspension are operative, some steady state concentration of
the Ag NPs is likely in the water column even in the absence of
thermodynamic persistence. This opens up transport pathways like
aggregation and settling to the sediments (where oxygen may be
absent) and exposure of organisms to increased concentrations of
both aggregated and dispersed particles (Liu and Hurt, 2010).

Aggregation determines the particle size of Ag NP to which
organisms are exposed and influences which dose metric needs to be
quantified in exposure. The paucity of data actually testing the
influence on bioavailability of exposure medium chemistry has led to
very different assumptions, or conclusions, about the influence of
processes like dissolution and aggregation. For example, Gao et al.
(2009) found lower Ag NP toxicity to the freshwater zooplankton
Ceriodaphnia dubia in Suwanee River waters rich in organic sub-
stances compared to low organic waters. They attributed this to a
reduced rate of Ag+ release from the nanoparticle in the presence of
organic coatings; in effect a reduction in bioavailability by reduced
solubility. Indeed, Liu and Hurt (2010) directly showed a decreased
release of Ag+ when citrate-capped Ag NPs were coated with humic
or fulvic acids. However, Gao et al. (2009) and Fabrega et al. (2009a,b)
also concluded that toxicity of dispersed Ag NPs to Ceriodaphnia and
Pseudomonas was not simply a function of Ag solubility and lower
toxicity was due to the formation of nanoscale surface films on the NP.
Navarro et al. (2008a) implied throughout their review of nanopar-
ticle toxicity that aggregation reduced bioavailability and toxicity.
They state “the formation of larger aggregates (…) will favour
removal of NPs (from the water column) into the sediments and is
likely to decrease their bioavailability. In contrast solubilisation will
increase their mobility and further the bioavailability of NPs.” This
conclusionmay be valid for algae, and other plants, and it may hold for
uptake of dispersed forms of nanoparticles. However, it does not
necessarily hold for organisms where additional exposure routes like
ingestion of large particles may occur. Ward and Kach (2009) showed
that aggregation actually enhances ingestion of polystyrene NPs by
marine filter feeders like mussels and oysters. In this study, many
filter feeders retained particles less than 1 μm in size with b15%
efficiency but are 90% efficient in removing particles N6 μm. From 52
to 64% of aggregated nanoparticles were retained by these animals;
but retention was minimal when the animals were exposed to
dispersed NPs. They concluded that aggregation would increase the
bioavailability of NPs to suspension-feeding bivalves. In addition
aggregation enhances the rate at which NPs sink to the bottom, where
their ingestion by animals that feed on sediments is possible. Working
with ZnO nanoparticles, Croteau et al. (2010) showed that when
snails ingested aggregated NPs along with diatoms they assimilated,
after gut clearance, more than 80% of the Zn in the NPs. Ferry et al.
(2009) studied the fate of Au NPs in experimental mesocosms that
held a variety of marine species and found Au was most concentrated
in biofilms. In addition, filter feeding bivalves accumulated Au to
concentrations 10,000 times greater than added to the water. Snails
that grazed on the biofilms contained less Au than did the bivalves.
Neither mesocosm nor dietary exposure experiments have yet been
published using Ag NPs, but data from other NPs suggest that
aggregation might reduce bioavailability to organisms and via uptake
routes that favour dispersed Ag NPs, while aggregation might favour
exposure via ingestion and especially to animals adapted to feed on
either media where NPs might be concentrated (e.g. sediments, algal
mats or biofilms) or that filter large quantities of water in search of
their food (Battin et al., 2009; Fabrega et al., 2009b).

In summary, we are beginning to understand the processes that
influence the bioavailability of NPs in general, although much more
study is needed to support any broad conclusions specifically for Ag
NPs. The nature of the particle and the chemistry of the environment
will interact with physico-chemical environmental dynamics to
influence the form of Ag and Ag NP present in an environment.
These are likely to affect the bioavailability of the Ag and Ag NP, but
the characteristics of different biological species and all potential
routes of exposure must be considered to adequately predict
ecological risks.

4.2. Effects of Ag NPs to aquatic organisms

4.2.1. Toxicity to fish
When the toxicity and interaction of Ag NPs with biota have been

examined, they have, in most cases, been compared to either larger
(micron sized) Ag particles, similar sized particles not made of Ag or
dissolved silver ions (Fabrega et al., 2009b; Lok et al., 2006; Scown
et al., 2010).

Ag ion toxicity in vivo has been researched in some detail in
freshwater fish species (Janes and Playle, 1995; Wood et al., 1996;
Zhou et al., 2005) with LC10 values as low as 0.8 μg L−1 for certain
freshwater fish species (Birge and Zuiderveen, 1995). Ag ions in
solution can reach the branchial epithelial cells via the Na+ channel
coupled to the proton ATPase in the apical membrane of the gills,
travel to the basolateral membrane of the gill and block the Na+ K+

ATPase affecting ionoregulation of Na+ Cl− ions across the gills (Bury
and Wood, 1999). At high concentrations (μM) there are important
physiological consequences such as blood acidosis which can
ultimately lead to circulatory collapse and death (Grosell et al.,
1999; Hogstrand and Wood, 1998; Morgan et al., 1997; Wood et al.,
1996).

Only a handful of studies have investigated in vivo the effects of Ag
NPs in fish (Bilberg et al., 2010; Chae et al., 2009; Griffitt et al., 2009;
Scown et al., 2010; Yeo and Pak, 2008) (Table 4). Initial results
indicate that 10–80 nmAg NPs affect early life stage development that
include spinal cord deformities, cardiac arrhythmia and survival



Table 4
Toxic effect of Ag NPs to aquatic invertebrate and vertebrate species and selected examples on prokaryote studies. ND: not determined.

Ag NP

Organism Size (nm) Surface
coating

Shape Synthesis Nominal
conc. or LC50s

Dosing regime Sample
preparation

Major NP effects Reference

Vertebrates
Zebrafish embryo 20–30 ND Spherical Electrolysis in tap

water
10–20 ppt 72 h Dilution with tap

water
Penetration of Ag NP
aggregates into skin
and circulatory
system

Yeo and Yoon
(2009)

Zebrafish 10–20 ND Spherical Electrolysis in tap
water

0.4–4 ppm 2–36 days Dilution with tap
water

Alteration of p53
gene pathway.
Defects in fin
regeneration and
penetration into
organelles and cell
nucleus

Yeo and Pak
(2008)

Zebrafish 26.6+8.8 Metal
oxide

Spherical Gas phase
condensation

1000mg L−1 48 h Sonication in
MilliQ water

High binding of Ag NP
with gills

Griffitt et al.
(2009)

Distinct gene
expression profile
between Ag and Ag
NP

Zebrafish 20–30 Sodium
citrate

Spherical Gas phase
condensation

LC50
7.07 mg L−1

48 h Sonication in
MilliQ water

Differential toxicity of
Ag NPs at different
developmental stages
overall Ag is more
toxic than Ag NPs,
except in fish fry
stage

Griffitt et al.
(2008)

Zebrafish embryo 5–20 BSA or
potato
starch

Spherical with
borohydride

Chemical
reduction

5–100 mg L−1 72 h ND Deposition in cell
nucleus, brain,
nervous system and
in blood

Asharani et al.
(2008)

Zebrafish embryo 11.6+3.5 ND Spherical Chemical
reduction with
borohydride

0.19 nM 0–2 h Washed by
centrifugation
and incubated in
egg water for
120 h

Transport of Ag NPs
though chorion
channels

Lee et al.
(2007)

Zebrafish 3, 10, 50,
100

No coating Spherical Citrate/
borohydride

LC50-3 nm
93 μM

120 h Washed by
centrifugation
and resuspended
in RO water
without
stabilisers

Size dependent
toxicity

Bar-Ilan et al.
(2009)

LC50-10 nm
126 μM

Morphological
aberrations particle
size dependent

LC50-50 nm
127 μM
LC50-100 nm
137 μM

Perch 81 PVP Elliptical/
multifaceted

63–300 μg L−1 2 days Ag NPs were
sonicated,
centrifuged and
filtered though a
0.22 μm pore
filter

Ag NPs bound to gills
and decrease
tolerance to hypoxic
conditions

Bilberg et al.
(2010)

Brown trout 10–35 Uncoated Spherical Purchased
powder

10–100 μg L−1 10 days Sonication in
ultrapure water
for 30 min

Size dependent
uptake Ag NPs
concentrated in gills
and liver. Increase of
oxidative stress in gills

Scown et al.
(2010)

Invertebrates and algae
Daphnia pulex 20–30 Sodium

citrate
Spherical Gas phase

condensation
LC50
0.04 mg L−1

48 h Sonication in
MilliQ water

Low toxicity of Ag NPs
compared to Ag ions

Griffitt et al.
(2009)

Ceriodaphnia 20–30 Sodium
citrate

Spherical Gas phase
condensation

LC50
0.067 mg L−1

48 h Sonication in
MilliQ water

Higher toxicity of Ag
NPs compared to Ag
ions

Griffitt et al.,
2009

Ceriodaphnia dubia 20–30 Metal
oxide

Spherical Gas phase
condensation

LC50
0.46 mg L−1

48 h Addition of NPs
in media, shake
horizontally and
filtered to use
filtrate to remove
large aggregates

Increase in organic
matter decreases Ag
NP toxicity

Gao et al.
(2009)

LC50 OM
6.18 mg L−1

Pseudokirchneriella
subcapitata

20–30 Sodium
citrate

Spherical Gas phase
condensation

LC50
0.19 mg L−1

96 h Sonication in
MilliQ water

Low toxicity of Ag NPs
compared to Ag ions

Griffitt et al.,
2009

Chlamydomonas
reinhardtii

25+13 Carbonate
coated

Spherical ND EC501h: 3300
nM

1–5 h Aqueous
suspension

Toxicity of Ag NPs
mediated by Ag ions
released from Ag NP in
contact with cell

Navarro et al.
(2008a,b)

EC50 5 h 829
nM
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Table 4 (continued)

Ag NP

Organism Size (nm) Surface
coating

Shape Synthesis Nominal
conc. or LC50s

Dosing regime Sample
preparation

Major NP effects Reference

Invertebrates and
algae

Thalassiosira
weissflogii

60–70 PVP ND ND 0.02 to 0.0002
nM

48 h Filtered though a
0.22 μm pore size
filter

Release of Ag ions
from Ag NPs reduced
cell growth,
photosynthesis and
chlorophyll
production

Miao et al.
(2009)

Paramecium
caudatum

30–40 Tween 80,
PEG35000
or PVP 360

Spherical Modified Tollens
process

LC50NP
39 mg L−1

1 h Suspended in Ag NP toxicity was
enhanced when
Tween 80 capped

Kvitek et al.
(2008)

Chemical
reduction of [Ag
(NH3)2]+ with D-
maltose

LC 50
TweenNP
16 mg L−1

MilliQ water

Caenorhabditis
elegans

14–20 ND ND ND 0.05–0.5 mg
L−1

24–72 h Dispersed in
MilliQ water and
sonication for
13 h, stirring for
7 days and
filtered 100 nm

Reduced
reproductive success.
Increase in oxidative
stress Ag NPs
accumulated around
uterine area

Roh et al.
(2009)

Prokaryotes
MetPlate-Bacterial
bioassay

20–30 Metal
oxide

Spherical Gas phase
condensation

LC50 47 μg L 1.5 h Shake in aqueous
media

An increase in organic
decreases Ag NP
toxicity

Gao et al.
(2009)

LC50OM
112 μg L

Filtration to
remove
aggregates

Bacteria spp 26 PVPs,
PEGs,
Tween,
non-ionic
surfactants
from Brij
group

Spherical Modified Tollens
process. Chemical
reduction of [Ag
(NH3)2]+ with D-
maltose

MIC range of
1.69 to
6.75 μg mL−1

24 h Aqueous
dispersions

SDS, Tween 80 and
PVP360 increased
particle stabilisation
as well as
antibacterial activity
of Ag NPs

Kvitek et al.
(2008)

Bacteria spp 16+8 ND Cuboctahedral,
multiple
twinned
icosahedral
and
decahedral

Purchased NPs
powder in a
carbon matrix

0–100 μg
mL−1

30 min Aqueous
dispersion a and
homogenate
with ultrasonic
cleaner

Ag Npsb10 nm
attached to bacterial
cells. NPs with a high
reactivity facet {111}
were the most toxic

Morones et al.
(2005)

Bacteria spp Oct-15 ND ND Chemical
reduction by D-
glucose and
hydrazine

5–35 μg mL−1 24 h Ag NPs are more
effective in gram
negative than in gram
positive bacteria

Shrivastava et
al. (2007)

E. coli 10 ND Spherical and
truncated

Chemical
reduction with
formaldehyde,
hydrazing and
sodium formal-
dehydesulfoxylate

0.1–1 mg L−1 24 h Dispersed in
culture media

Cell membrane/
protein damage. No
DNA damage

Hwang et al.
(2008)

E. coli From 39 Citrate Rod truncated,
triangular and
spherical

Spherical:
chemical synth.
by borohydride
reduction

0.1–10 μg
mL−1

0–26 h Aqueous
suspension

Truncated triangular
NPs have a higher
biocidal capacity than
others

Pal et al
(2007)

Trunc. triang NPs:
solution phase
Synteh.

E. coli 9.3+2.8 Citrate Spherical Chemical
synthesis by
borohydride
reduction

0.4–0.8 nM 30 min Dilution in
biological media
(Hepes buffer
andM9medium)

Ag NPs are more toxic
than Ag ions.
Destabilisation of
outer membrane,
collapse of plasma
memb. potential

Lok et al.
(2006)

E. coli 9.3+2.8 Citrate Spherical Chemical synthesis
by borohydride
reduction

0–100 μg
mL−1

24 h Ag NP toxicity
mediated by
chemisorbed Ag ions
from the NP. Thus,
smaller NPs are more
toxic than larger ones
due to volume of
oxidised surfaces and
release of Ag ions

Lok et al.
(2006)

(continued on next page)

525J. Fabrega et al. / Environment International 37 (2011) 517–531



Table 4 (continued)

Ag NP

Organism Size (nm) Surface
coating

Shape Synthesis Nominal
conc. or LC50s

Dosing regime Sample
preparation

Major NP effects Reference

Prokaryotes
E. coli 12 Daxad 19 ND Chemical

synthesis with
ascorbic acid

0–100 μg
mL−1

10 h Sonication in
aqueous
dispersion

Ag NP created ‘pits’ in
the bacterial cell wall

Sondi and
Salopek-Sondi
(2004)

Nitrifying bacteria 21–21 PVA ND Chemical
reduction with
borohydride

0.05–1mg L−1 180 days Freshly
synthesised
suspensions

Growth inhibition
correlated with Ag
NPsb5 nm due to
generation of
intracellular ROS

Choi et al.
(2008)

Autotrophic
nitrifying bacteria

14+6 PVA ND Chemical
reduction with
borohydride

1 mg L−1 N24 h From synthesis
batch

Ag NPs inhibit
respiration by ca. 87%,
almost twice as much
as Ag+ and AgCl. Ag
NPs bound to
bacterial cells but did
not compromise their
viability

Choi and Hu
(2008)

Nitrifying bacteria 15+9 PVA Ellipsoidal and
spherical

Chemical
reduction with
borohydride

1 mg L−1 18 h From synthesis
batch

The ligand sulfide
forms AgxSy
complexes or
precipitates and
reduced Ag NP
toxicity by 80%

Choi et al.
(2009)

Soil bacterial
community

56+18.6 ND ND Purchased
powder

0–1000 μg L−1 30 days In ultrapure
water and
sonicated for 5 h
for a stock
suspension 100
μg L stock was
sonicated for
30 min prior
exposure

Ag NPs accumulated
in the top 3 mm but
did not affect the
bacterial diversity
either in the sediment
nor water column

Bradford et al.
(2009)

Pseudomonas
fluorescens

65+30 Citrate Spherical/
triangular

Purchased
powder

0–2000 ppb 24 h Dispersion in
0.025 mM citrate
solution,
sonicated for
30 min for 4
days. Diluted in
biological media
and stirred for
24 h prior
exposure

Toxicity of Ag NPs
was pH dependent.
However, the
presence of organic
matter mitigated Ag
NP toxicity

Fabrega et al.
(2009a)

Pseudomonas
putida biofilm

65+30 Citrate Spherical/
triangular

Purchased
powder

0–2000 ppb 24 h Dispersion in
0.025 mM citrate
solution,
sonicated for
30 min for 4
days. Diluted in
biological media
and stirred for
24 h prior
exposure

The presence of
organic matter
increased uptake of
Ag NPs by biofilms.
However, toxicity of
Ag NP was mitigated
with org. matter

Fabrega et al.
(2009b)
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(Asharani et al., 2008; Yeo and Pak, 2008). Ag NPs can also accumulate
in the gills and liver tissue affecting the ability of fish to cope with low
oxygen levels and inducing oxidative stress (Bilberg et al., 2010;
Scown et al., 2010) (Fig. 2). However, the threshold at which such
effects occur is variable among these experiments, even for the same
species (Table 4). Such variability may reflect differences in choices of
experimental conditions and/or differences in particle behaviour or
character that were undefined. In general, juvenile zebrafish and
Japanese medaka have shown to be more susceptible to Ag NPs than
to equal mass concentrations of AgNO3, at least under conditions that
maximize free ion Ag concentrations for the latter. Some authors
suggest that the toxicity is unlikely to be attributable to particle
dissolution only (Chae et al., 2009; Griffitt et al., 2009; Yeo and Yoon,
2009). Other exposure studies with equal mass of Ag NPs and Ag NO3

(as low as 10–20 ng L−1 for embryonic studies and 1 mg L−1 for
juveniles) have supported the contention for different mechanisms of
action, with differential uptake and transcriptomic responses for Ag
NPs compared with Ag NO3 (Asharani et al., 2008; Yeo and Kang,
2008; Yeo and Pak, 2008). Indeed, a differential uptake of Ag
compoundshas been shown in zebrafishand rainbow trout: in zebrafish
embryos high exposure concentrations (0.4 and 100 mg L−1) show that
AgNPaggregateswere incorporated intobloodvessels, skin, brain, heart
and yolk (Yeo and Yoon, 2009), whereas Ag ions concentrated in
organelles, the nucleus and the yolk only (Fig. 2).

4.2.2. Toxicity to invertebrates and algae
There has been extensive research investigating the toxicity of silver

ions to aquatic invertebrates and algae. The lowest recorded NOEC
values of 0.001 μg L−1 (Bielmyer et al., 2002) for Daphnia spp, contrast
with NOEC of 2 mg L−1 and 0.002 mg L−1 for freshwater and seawater
algae, respectively (Ratte, 1999), at least partly reflecting differences in
ecotoxicological protocols. Survival and reproduction are also more



Fig. 2.Micrographs of in vivo uptake of Ag NPs by different groups of organisms. A) TEM image of Ag NPs being taken up by the prokaryote Pseudomonas putida after a 24 h exposure
of 2 mg L−1 suspension of Ag NPs with 10 mg L−1 humic substances (Fabrega et al., 2009b). B) Dark field image of Ag NPs in the nematode Caenorhabditis elegans uterus after a 24 h
exposure to 0.5 mg L−1 of Ag NPs (Roh et al., 2009). C) TEM image of gill tissue dissected from rainbow trout after a 10 day waterborne exposure to 100 μg L−1 Ag NP suspension
(Scown et al., 2010), and D) TEM images of BSA-Ag NPs deposited in the cell and nucleus near the tail and trunk of zebrafish embryos treated with 25 μg L−1 BSA-Ag NPs (Asharani
et al., 2008).
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affected when invertebrates are exposed to ionic silver via a
phytoplankton diet, rather than by a waterborne exposure (Bielmyer
et al., 2006). However, very little research has been done on Ag NPs in
this group of organisms. A small number of publications have
investigated the effects of Ag NPs on algal growth and photosynthesis
(Miao et al., 2009; Navarro et al., 2008b) (Table 4), where Ag NPs were
not found to be toxic at concentrations that might be expected in
contaminated water bodies to either the freshwater Chlamydomonas
reinhardtii or themarine diatom Thalassiosiraweissflogii, withmainly Ag
NPs contributing to theobserved toxicitydue to the releaseof silver ions.
However, in the study with the freshwater algae C. reinhardtii Ag NPs
appeared to be much more toxic than silver ions when compared to
equal mass of silver ions, indicating a potential NP-mediated effect due
to the interaction of the NP with the algae cell (Navarro et al., 2008b).

In the case of aquatic invertebrates, some of the data available
shows Ag having an enhanced toxicity to invertebrates if present as a
NP (Griffitt et al., 2008; Roh et al., 2009), whereas other demonstrate
Ag NPs to be less toxic than Ag ions (Kvitek et al., 2009). Indeed, the
mode of action of Ag NPs on Caenorhabditis elegans differs from their
soluble counterpart, with the NPs affecting reproduction potential and
inducing high levels of oxidative stress (Roh et al., 2009) (Table 4).

Some of the research on invertebrate species has also shown how
the type of capping of the Ag NP, ionic strength and concentration of
organic carbon of the biological media are crucial for predicting and
understanding toxicity. For instance, Ag NPs capped with the non
ionic surfactant Tween 80 increased stability and toxicity of Ag NPs to
the ciliate Paramecium caudatum (Kvitek et al., 2009) (Table 4). These
studies point out that toxicity from Ag NPs is possible, but the wide
range of outcomes emphasizes the importance of further attention to
experimental details like understanding particle character before and
during the experiments.

4.2.3. Toxicity to microbes
Silver toxicity to microbes has been known for centuries and it is

related to the interaction of Ag ions with thiol groups of vital enzymes
and proteins, effecting cellular respiration and transport of ions across
membranes, with ultimate cell death (Luoma, 2008; Ratte, 1999). Due
to the medical interest in silver products for combating antibiotic
resistant species in hospital, the toxicity of Ag NPs to microbes has
been more thoroughly investigated than invertebrate and vertebrate
species (Table 4). Nevertheless, mechanisms of toxicity are not well
defined; nor is dose–response under different circumstances. Several
studies suggest that NP size and shape have key roles in determining
toxicity (Choi and Hu, 2008; Griffitt et al., 2009; Morones et al., 2005;
Pal et al., 2007; Sondi and Salopek-Sondi, 2004), whereas others have
suggested that it is the dissolution of ionic Ag from the NP which is
responsible for its bactericidal effect (Lok et al., 2007; Navarro et al.,
2008b). Direct interaction of particles with cell membranes and
Ag-generated free radicals might affect regulation and transport
though the membrane and has been associated to the formation of
‘pits’ in Ag NP treated E. coli cells (Amro et al., 2000; Kim et al., 2007;
Sondi and Salopek-Sondi, 2004) and bacterial accumulation of
intracellular ROS (Choi and Hu, 2008).

The large numbers of physiological, anatomical and behavioural
variations among bacterial strains create difficulties when investigating
the mode of action of the Ag NP. Kim et al. (2007) found that gram
positive bacteria were considerably more resistant than gram negative
to 12 nmAg NPs, while Yoon et al. (2007) found the opposite for 40 nm

image of Fig.�2
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AgNPs. Both studies investigated the effects in bacteria growing on agar
plates and supplementedwith NPs, although the differences could have
been the result of the particle size used and differences on the type of
synthesis and possibly undefined capping agents. Furthermore, a later
studybyRuparelia et al. (2008) on E. coli and S. aureus species of 3 nmAg
NPs but with a variety of strains shows how toxicity was different for
each strain tested, without a clear pattern relating to the type of
membrane.

Proteomic approaches using E. coli have also been used for
investigating the possible biological mechanisms of Ag NPs and to
discriminate their effects from that of Ag+ (Hwang et al., 2008; Lok et al.,
2006), with results indicating alteration of expression of envelope and
heat shock proteins, affecting membrane potential and culminating in
the loss of cell viability (Lok et al., 2006). Exposure to Ag NPs strongly
induced the SodA promoter, suggesting the production of superoxide
radicals, ultimately showing an effect via membrane and oxidative
stress damage, but not affecting DNA (Hwang et al., 2008). Mechanisms
of toxicity of Ag NPs and Ag+ show some similarities. Yet, comparisons
of their efficiencies as antimicrobials are contradictory (Lok et al., 2007)
but are not especially relevant because the value of the Ag NPs lies in
applications that cannot be achieved with the Ag ion. The major
implication of Ag NP released to the environment may be the potential
impact on bacteria essential for biogeochemical cycling and other
‘environmental services’. Exposure of natural bacterial communities of
microorganisms to Ag NPs is likely in surface waters and wastewater
treatment plants (Blaser et al., 2008; Boxall et al., 2007), yet little
research has been done on Ag or Ag NPs and natural bacterial
communities. From the work performed, there are indications that
accumulation in waters is prone to affect the community structure and
function of bacterial assemblages (Choi et al., 2008; Choi and Hu, 2008)
(Table 4). Ag ions have been shown to affect a natural bacterial
community of sewage sludge, showing an overall reduction on its
denitrifying activity, but selecting and increasing the diversity of
organisms able to denitrify (Throback et al., 2007). With Ag NPs, a
concentration of 1 mg L−1 have been shown to bemuch more effective
on suppressing growth of autotrophic nitrifying bacteria of a wastewa-
ter treatment plant community, when compared to the inhibitory
effects exerted by Ag ions and silver chloride salts (Choi and Hu, 2008).
Ag NPs had a stronger affinity for suppressing autotrophic organisms,
whereas silver ions affected heterotrophic species (Choi et al., 2008).
However, a 30 day exposure to elevated concentrations of Ag NPs
(25–1000 μg L−1) had no impact on estuarine sediment bacterial
assemblages and did not affect species diversity and/or abundance of
microorganisms in thewater column (Bradford et al., 2009). The lack of
short term toxicity could be due to the high concentration of chloride
ions or organic matter mitigating any bactericidal action due to the
formation of a film coatings on the NP, as seen in other studies
(Baalousha et al., 2008; Diegoli et al., 2008; Fabrega et al., 2009a,b)
(Fig. 2).

If Ag NPs affect natural bacterial communities at concentrations
feasible in nature or in waste waters, stringent regulations of Ag
NPs entering waterways may be required. Nitrifying and denitrifying
microorganisms are crucial not only in nutrient cycling in nature
but also in current wastewater treatment, and suppression of species
able to carry on this role could impede treatment plant efficiency.

4.3. Physicochemistry and modes of action of Ag NP

Knowledge on nanoparticle physicochemistry, as well as biotic and
abiotic factors affecting NP behaviour over time, is necessary for the
fuller understanding of the mode of action of Ag NPs to cells. Indeed,
initial results have shown a size and shape dependent interaction with
prokaryotic organisms, with small (b10 nm) and truncated Ag NPs
being the particles most likely to be taken up by microorganisms and
affect cellular viability (Choi et al., 2008; Choi and Hu, 2008; Morones
et al., 2005; Shrivastava et al., 2007; Sondi and Salopek-Sondi, 2004).
Other sizes and shapes appear to be less damaging to prokaryotes,
suggesting that largely unreported differences in shape and aggregate
size could be responsible for some of the variability in observed toxicity,
as metal composition remains the same. Truncated Ag NPs contain a
high percentage of the {111} lattice plane as the basal plane (Morones
et al., 2005; Pal et al., 2007), which has a relatively higher reactivity of
the NP, compared to round- and rod-shaped Ag NPs. There have been
several studies examining the differential uptake and toxicity of
different sized Ag NPs, with 10 nm Ag NPs having a greater propensity
to associate to fish gills and accumulate in liver in comparison to larger
sized Ag NPs (Bar-Ilan et al., 2009; Scown et al., 2010). A specific shape–
toxicity relationship has also been described by other authors. Indeed,
dendritic Ni NPs have a higher toxicity than sphericalNiNPs to zebrafish
embryos, however both shapes targeted the same organs, indicating a
similar route of entry (Ispas et al., 2009).

The role of Ag NP solubility has also generated considerable
interest when characterising Ag NPs physicochemically. Under
oxidised conditions chemisorbed Ag ions are formed from the Ag
NP (Henglein, 1993; Henglein, 1998), leading to a small but
constant release of Ag ions in solution (Hwang et al., 2008; Lok
et al., 2007; Miao et al., 2009; Navarro et al., 2008b), most
likely dependent on synthesis and capping agent. The degree of
particle solubilisation is crucial in order to discriminate the potential
effects exerted by the NP form the soluble fraction of it. Yet, initial
characterisations of Ag NPs have determined a low solubility in
aqueous suspensions, generally being of b2% over relevant exposure
periods (Fabrega et al., 2009a; Griffitt et al., 2008; Navarro et al.,
2008a,b), and a concentration significantly lower than the one
required to cause the observed effects, suggesting a NP-mediated
uptake and/or toxicity (Fabrega et al., 2009a; Griffitt et al., 2009).
Nevertheless, a few studies have speculated that NP solubility can be
increased by the presence of organisms and their contact with the NP,
as a result affecting the percentage of solubilised Ag NP to the
quantified b2 % prior exposure to microorganisms (Fabrega et al.,
2009a; Lok et al., 2006; Lok et al., 2007; Navarro et al., 2008b). This
increased release of dissolved silver from the Ag NP as a result of the
organism contact with the NP has been shown in a study investigating
the inhibitory effects of Ag NPs on photosynthesis to the green algae C.
reinhardtii (Navarro et al., 2008b).
5. Conclusions and recommendations

The use of nanomaterials and their potential environmental and
human health risks (Andujar et al., 2009; Helfenstein et al., 2008) are of
increasing concern and social debate (Dean, 2009; Feder, 2006); (RS/RAE,
2004) and have been the subject of many government reports. This
review has outlined the current knowledge and gaps on Ag NP as a
potential problem for environmental health. With the existing informa-
tion we identify the current research gaps and needed areas of research:

1. There is a pressing need to develop analytical and metrological
methods which can detect, quantify and characterise Ag NPs under
ambient conditions. Such data will strongly inform both exposure
and hazard studies.

2. Improved hazard data is required. Significant improvements in
understanding dose, physicochemical properties, biouptake and
toxicity processes need to be made. In addition, consistent use of
appropriate dissolved and bulk Ag controls should be included in all
toxicity studies.

3. Assessing the potential harm of Ag NPs in aquatic environments
requires well characterised Ag NPs and to study Ag NPs in a well
dispersed state to identify nano related effects. Equally, however,
studies on commercially relevant preparations of Ag NPs are
needed to better understand environmentally realistic exposure
scenarios (that include aggregation etc.) and their biological
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effects, as this will produce pragmatic data useful for understand-
ing the current risks.

4. Better information is needed on current usage and release rates of
dissolved and nanoparticulate silver from consumer products and
from industrial processed. Ideally, this information needs to be
integrated into readily accessible models.

5. Advancement of models for use in studies on Ag NPs (and other
NPs). Models that can be adapted for this purpose derive from
studies on other environmental pollutants, in areas of exposure
(Blaser et al, 2008; Mueller and Nowack, 2008), bioavailability
(biodynamics, Luoma and Rainbow, 2005), toxicity (BLM, Paquin et
al., 2002) and structure activity relationships (QSAR, Puzyn et al.,
2009). Such models need to be challenged with appropriate high
quality data and modified to account for any ‘nano-specific’ effects.
This will be a continuing and iterative process, but with the
provision of high quality data in the areas highlighted earlier, this
should allow improvements in models to be effects rapidly.
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